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Hybrid Energy Storage Control in a Remote Military
Microgrid With Improved Supercapacitor
Utilization and Sensitivity Analysis
Giovanna Oriti , Norma Anglani , and Alexander L. Julian
Abstract—This paper presents a novel power flow control sys-
tem for a remote military microgrid with hybrid energy storage.
A combination of batteries and supercapacitors (SCs) is managed
by the novel control system to increase the battery life by redirect-
ing the higher frequency current that would have to flow in the
battery if SCs were not present. This paper offers a practical solu-
tion to manage the SC current and ensure that the SCs are never
overcharged or commanded to support the system when they are
discharged to the lower operating limit chosen. The new controller
allows the independent selection of the low-pass filter parameter
and the number of SCs. By making the most out of these two degrees
of freedom, we investigate different configurations, identifying the
one achieving the highest cash flow for the overall system. Model-
ing, simulations, and experimental verification are presented and
linked to the sensitivity analysis of the economics of the military
microgrid.
Index Terms—Battery lifetime, economic analysis, energy man-
agement, hybrid energy storage system (HESS), military micro-
grids, power converter control, supercapacitors (SCs).
I. INTRODUCTION
HYBRID energy storage systems (HESS), where batteriesand supercapacitors (SCs) are used in order to improve
the life expectancy of the batteries, have become very popular
for vehicular and microgrid applications [1]–[12]. Many papers
describe how a low-pass filter can be used to identify the desired
battery current from the commanded current [1]–[8], [11]. The
remaining current is commanded from the SCs but if the num-
ber of SCs is limited by non-technical constraints and the SCs
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are overcharged or undercharged then they may not be able to
provide the commanded current. On the other hand, if the higher
frequency commanded current is simply ignored when the SCs
are over/undercharged, the dc bus regulation will degrade. In
order to avoid this problem, additional SCs must be added to the
system, thus increasing the cost of the HESS. This is the case
in the previous literature where the number of SCs is not lim-
ited, but selected in order to increase the lifetime of the batteries
[1]–[12]. Without analyzing the overall system economics, the
effect of a large number of SCs on the remote military opera-
tion cannot be easily evaluated. In fact, since SCs are expensive,
they would have a tremendous negative impact on the cost of
the remote military operation, therefore neutralizing the gain of
the increased battery lifetime.
The novel contribution of this paper includes the followings.
First, a novel HESS controller, which can be easily implemented
and ensures that the higher frequency content of the commanded
current is always provided by the battery or the SCs. Second,
the design of the controller and SC bank through a novel eco-
nomic analysis focused on parameters and time horizon, to mini-
mize the HESS cost for remote military operations. Furthermore,
the impact of different system parameters on the economics of
the system is analyzed together with a novel sensitivity analysis
on the role that a change in SC cost has on the overall system
economy. This is necessary because while the cost of SCs is
high now, it will likely decrease in the future, thus potentially
impacting the design of the HESS.
The circuit schematic of the remote microgrid is shown
in Fig. 1. The microgrid’s power system includes a power
electronics-based energy management system (EMS) as de-
scribed in [10], two diesel generators and ac critical and non-
critical loads, where the critical loads are those loads necessary
to the military operation that must be powered at all times, even
when part of the power system fails. The EMS includes power
conditioning converters for the photovoltaic (PV) panels, batter-
ies, and SCs.
This paper builds on the results presented in [11] and intro-
duces an improved controller for the HESS, designed to mini-
mize the number of SCs while reducing the stress on the batteries
and still minimizing fuel consumption in the military microgrid.
In the HESS controller [11], the SC voltage was not monitored,
leading to the necessity of a large number of SCs to improve
the battery lifetime. Also in [11], the best solution was found
by looking at the least investment cost, neither the discount rate
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Fig. 1. EMS architecture and connection to a remote military microgrid.
Fig. 2. Novel HESS control system for the remote military microgrid.
nor the overall cash flow were considered. The new controller
presented here is designed with the knowledge derived from the
cash-flow analysis.
The new controller is presented in Section II and its function-
ality is demonstrated with simulations in Section III. Section III
includes simulations of the three case studies in which differ-
ent controller parameters are combined with different number
of SCs. The novel economic analysis together with a cost sensi-
tivity analysis is presented in Section IV. Laboratory measure-
ments demonstrating the new HESS controller are presented in
Section V. Section VI concludes this paper summarizing the
results of the presented work.
II. NEW HESS CONTROL SYSTEM
Fig. 2 shows the novel control architecture, which regulates
the dc bus of the EMS and also determines how the current
designated for the HESS is distributed between the SCs and the
batteries. Note that regulating the dc bus ensures that the ac grid
is not affected by the distribution of the current. The controller
also manages the SC voltage to ensure that the SCs are neither
overcharged nor undercharged.
From Fig. 2, the equations for the battery, SC current and their


















The SC current gain γ varies from 0 to 1 depending on the SC
state of charge (SoC) and the direction of the current commanded
from the SCs. The Bode plots of the transfer functions iB/e and
iSC/e are plotted in Figs. 3 and 4 for two different values of γ.
When γ = 1, the commanded SC current is the PI controller
output minus the low-pass filter signal so that the high-frequency
current flows in the SC. This case is shown by the Bode plots in
Fig. 3 where the gain of the battery current drops as the frequency
increases. As the SC approaches its lower voltage limit or its
higher voltage limit, γ varies slowly from 1 to 0. The plots in
Fig. 4 illustrate the case with γ = 0.95, when the battery current
gain, although lower than the SC gain, is no longer decreasing
at higher frequencies. When γ = 0 the SC current iSC is zero
and the current iB supports the dc bus without any help from the
SCs. The SC controller has no effect on the current flowing into
the dc bus commanded from the PI controller. The logic shown
in the lower portion of Fig. 2 checks to see if the commanded
current is going to try to over/undercharge the SCs. If so, then
the SC current gain γ limits the SC current. If the commanded
current will restore the SCs to their desired voltage, then the
current is scheduled for the SCs. For example, if vsc > v∗sc and
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Fig. 3. Battery and SC current gains versus dc bus voltage error with γ = 1.
Fig. 4. Battery and SC current gains versus dc bus voltage error with
γ = 0.95.
i∗sc > 0, then the SCs are charged above the reference value but
the SC current is scheduled to reduce the SC voltage so the gain
does not need to be limited. The simulation plots in Section III
illustrate this point.
III. MODELING AND SIMULATIONS
The proposed HESS controller is demonstrated using 24-h
simulations of the isolated remote military power system as de-
picted in Fig. 1. The simulations are performed using a physics-
based model implemented in Simulink/MATLAB. The inputs
to the 24-h simulation, as shown in Fig. 5, are a typical load
current profile for a portion of a remote military microgrid, a
linearized PV current profile, and the two diesel generator cur-
rents obtained with an optimized algorithm that minimizes fuel
consumption [10]. The diesel generators, labeled genset 1 and
Fig. 5. 24-h load profile (iLOAD), generators (igenset1, igenset2), and ideal-
ized PV (iPV) current profiles.
TABLE I
24-h SIMULATION PARAMETERS AND SCENARIOS DEFINITION
genset 2, are rated 5 and 15 kW, respectively. The PV source is
rated 3 kW. Since the PV output and the load are predefined and
the generator outputs are set by the algorithm, which minimizes
fuel consumption [10], the battery and SCs must balance the en-
ergy flow. This is accomplished by regulating the dc bus voltage
as presented in Section II.
In this section, first the operation of the novel controller is
explained through simulated plots, then the three cases selected
for the economic analysis are presented and simulated. The sim-
ulation parameters are listed in Table I.
A. Functionality of the New HESS Controller
The simulation results plotted in Fig. 6 show a 24-h simu-
lation with 11 SCs. The SC current gain remains 1 throughout
the 24 h, because there are plenty of SCs to take the extra cur-
rent that the low-pass filter (gain set to α = 0.005 rad/s) diverts
from the batteries. However, the cost of 11 SCs would over-
shadow the cost savings that would result from the increased bat-
tery lifetime, making the HESS very unattractive economically.
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Fig. 6. 24 h simulated from top: battery current [A], voltage error [V], SC
current [A], and current gain with α = 0.005 rad/s and 11 SCs.
Fig. 7. 24 h simulated from top: battery current [A], voltage error [V], SC
current [A], and current gain with α = 0.005 rad/s and 1 SC (case C).
When the number of SCs is reduced to one, on the other hand,
the plots in Fig. 7 demonstrate that the battery current is less
smooth and the SC current is limited by the new HESS con-
troller. Note that SC the current gain is often <1, that is every
time there is not enough storage capacity in the SC to accom-
modate the current requested by the low-pass filter (gain set to α
= 0.005 rad/s). The voltage error vsc − v∗sc determines whether
current can go in or out of the SC when the current gain is zero.
The reference value assigned to the SCs, v∗sc = 41.2 V, is the
voltage where half of the energy is available for charging and







Fig. 8. Zoom from 12 to 14 h of the 24-h simulation in Fig. 7. From the top:
battery current [A], voltage error [V], SC current [A], and current gain with
α = 0.005 rad/s and 1 SC (case C).
where Emax = 12CscVmax
2 and Emin = 12CscVmin
2.
The new controller stops the current from going to the SCs
when they are fully charged or from being drawn out of the
SCs when they are fully discharged. This is evident in the “SC
Current Gain” waveform, which indicates the intervention of the
new controller. Note that this waveform is the output of the “SC
Current Gain” block in Fig. 2.
The plots in Fig. 8 demonstrate the mechanics of the new con-
troller during 2 h of the 24-h simulation, when α = 0.005 rad/s
and only one SC is part of the HESS. At 12.73 h, it can be ob-
served that the SCs are almost fully charged, as demonstrated by
the voltage error vsc − v∗sc reaching its limit, so the controller
gain becomes 0 and no more current is injected into the SCs.
Later, at 12.83 h the controller takes energy out of the SCs. This
is possible because the output of the logic block in the bottom
part of Fig. 2 goes high. As energy is taken out of the SCs, the
current gain returns to 1 until 12.87 h when the SCs are depleted
as shown by the voltage error going to zero. Then, the current
gain returns to zero, therefore the HESS controller will not be
allowed to request any more current from the SC. At 12.887 h,
energy is put back into the SC so the voltage error increases
again until the SC is fully charged and then the HESS controller
will stop sending current to it.
This new HESS controller allows the system designer to select
the number of SCs based on economics considerations, rather
than technical restrictions as it was with the control system re-
ported in [11].
B. Selected Scenarios for the Economic Analysis
Three scenarios were selected for the economic analysis; two
with the same low-pass filter parameter α= 0.005 (case A with
3 SCs and case C with 1 SC) and a third (case B) with α= 0.001
and 1 SC. The simulation parameters and the three scenarios are
listed in Table I. The simulated plots for iB and iSC are shown
as follows: Figs. 7 and 8 in the previous section refer to case C,
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Fig. 9. 24 h simulated from top: battery current [A], voltage error [V], SC
current [A], and current gain with α = 0.005 rad/s and 3 SCs (case A).
Fig. 10. Zoom from 12 to 14 h of the 24-h simulation in Fig. 9. From the
top: battery current [A], voltage error [V], SC current [A], and current gain with
α = 0.005 rad/s and 3 SCs (case A).
whereas Figs. 9 and 10 refer to case A; finally, Fig. 11 reports
iB and iSC for case B. The battery lifetime was computed, as
explained in [8], as a function of several combinations of α and
β (number of SCs) and the results of this analysis are plotted
in Fig. 12. Cases A, B, and C are selected because they rep-
resent possible choices that, although equivalent for the HESS
functionality, may result in different battery lifetime, as shown in
Fig. 12. For the remote military microgrid application, we chose
to keep β not higher than 3 because of economic considerations;
SCs are expensive and the overall microgrid operational time-
frame can be limited to a few years.
The difference between the plots in Fig. 9 and those in Fig. 7
is particularly noticeable when looking at the peaks of the SC
current and at the SC current gain waveform. For example, be-
tween 6 and 8 h, the SC current gain remains 1 when 3 SCs are
Fig. 11. 24 h simulated from top: battery current [A], voltage error [V], SC
current [A], and current gain with α = 0.001 rad/s and 1 SC (case B).
Fig. 12. Battery lifetime in days versus α (low-pass filter parameter) and β
(number of SCs).
in the HESS, because they have more capacity, whereas in case
C the gain was changing during the same time interval. In other
sections of the simulation similar differences can be observed.
The zoomed-in plots in Fig. 10, compared with the zoomed-in
plots in Fig. 8 clearly show that the battery current is smoother
while the capacitors are taking more current. The voltage er-
ror and SC current gain plots show how the controller does not
intervene as often during the time interval between 12.73 and
13.07 h when there are 3 SCs in the HESS.
The plots in Fig. 11 were obtained with α = 0.001 and a
single SC, to depict the difference in battery and SC currents
with different low-pass filters. A visual comparison of these
plots with the plots obtained in cases C and A shows that the SC
current is certainly less than the case with 3 SCs and comparable
with that of the case with 1 SCs and larger low-pass filter gain.
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Although the visual difference between the waveforms in Figs. 7,
9, and 11 is small, the economic analysis in the next section
determines which is the best scenario, considering the cash flow
of the remote military power system and the duration of the
military operation.
IV. SENSITIVITY ANALYSIS
In this paper, we link the control strategy and configura-
tion of the HESS to the economics of the system by investi-
gating the annualized cash flow. This is a novel contribution
of this paper because, while sensitivity is a common analysis,
being performed on economics and on optimization, when pa-
rameters change, it has never been so tightly correlated with
the EMS controller’s parameters and end user’s timeframe.
This section is about how cash flow changes when differ-
ent parameters in the controller (different α and β) and final
user’s features are considered, and also when investment costs
change.
A. Linking the HESS Design to the Economic Analysis
The controller, described earlier, needs rules to set its ref-
erences from an optimized fuel consumption standpoint. We
formulated a constrained optimization problem, where decision
variables described the main features of the problem. Just to cite
a few: the load factors for the diesel generators and the amount
of power charging/discharging the HESS (PHESS), considering
the HESS as one unique element [10]–[12]. The assessed PHESS
over the investigated time horizon ensures that the fuel consump-
tion of the diesel generators is at its minimum value (in this case,
we are still working with a deterministic load and PV profiles as
the ones in Fig. 3). Once PHESS is known, by changing α and β,
we obtain different values of the currents on the battery and SCs,
thus affecting the lifetime of the batteries (see Fig. 12). In this
paragraph, we perform several evaluations to identify the best
configuration, according to the number of days the microgrid
should be operational.
When the logic portion of the controller (see lower schematic
in Fig. 2) does not intervene, decreasing the low-pass filter pa-
rameter α, i.e., from 0.005 to 0.001, results in higher SC current
iSC, thus reducing the stress for the battery due to less frequent
charge and discharge pulses [11]. The new controller limits the
maximum current on the SCs, therefore allowing the system de-
signer to select the number of SCs independently of theα param-
eter. This limiting logic, in turn, affects how the current from/to
the batteries changes, thus changing the SoC of the battery and
ultimately the battery lifetime and the overall economics. With
the HESS controller reported in [11], the number of SCs was
linked to α, allowing only one degree of freedom in choosing
which was the most convenient configuration. In this paper, we
correlate the effect that both α and β (the number of SCs) play
on the economics, by using an additional degree of freedom:
we can both act on α and on the number of SCs to find what
configuration is the best over time in terms of cash flow. To do
so, we look at the cash flow, represented by its net present value
Fig. 13. Cash-flow results (investment as in Tables II and III first row).
(NPV), on a set horizon T of five-year time:











NPV is a function of the discount rate r, tailored for energy
investments, thus ranging between 4% and 8% in line with the
recommendations of [16] and the conclusion of [17]. Also in
(5), S is the annual fuel saving due to the considered configura-
tion against the non-optimized one (5.66 gal/day rated at $4/gal
[12]), I0 is the investment at the beginning of the period (PV
panel plus batteries with or without SC are included), and Ii is
the investment due to the failure in batteries in the following
years, which depends on α and β (number of SCs) in (5). The
higher NPV value, the more convenient the configuration. There-
fore, we investigate three scenarios A, B, and C, as described in
Section III, against the benchmark case without SCs (with bat-
tery only and without an optimized procedure) [9], labeled “no
SC” [8]. The reason why we also consider this case is because
the time horizon of operation of a remote military microgrid is
limited (unlike stationary microgrids) and the additional cost of
SCs is not necessarily justified by the increase of the lifetime
of the batteries. In fact, the data plotted in Fig. 13 demonstrates
that for operations limited to 200 days, the case without SCs is
the most cost effective. The microgrid economics depend on the
application and on the running days of the whole system.
In Table II results from the Rainflow counting method,
as explained in [8], are reported in terms of days to fail-
ure of the batteries, along with investment costs for each se-
lected scenario/case. These results are pursued by keeping the
fuel consumption at its minimum while linking the invest-
ments to the lifetime of the batteries and the number of SCs,
β.
In Fig. 13, results of the cash-flow assessment described in (5)
are reported for a discount rate of 5%, with α ranging between
0.001 and 0.005, and β ranging between 1 and 3 and investment
costs as reported in Table II.
The low-pass filter parameter α affects the battery lifetime,
thus the frequency of the battery investments, while the number
of SCs affects the initial investment on SCs. The role of the
discount rate is also considered. From the plots in Fig. 13, it can
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TABLE II
LIFETIME OF BATTERIES AND COSTS (ANNUALIZED WITH DISCOUNT
RATE OF 5%)
Fig. 14. Enlargement of Fig. 13 between days 1300 and 1600, time range
where case A (square marker) overcomes case B (diamond marker) in profit.
be observed that the scenario without SCs is more convenient
in terms of investment if the microgrid is evaluated on a very
limited time horizon, about 200 days. This is also why the case
without SCs is considered for such analysis.
Nonetheless, if the time horizon is extended, considerations
change. In Fig. 14, an enlargement of the cash-flow plot is re-
ported in the time range of 1300–1600 days to better appreciate
the shift in configuration, when case A becomes more profitable
than case B. As soon as the operating days extend, the advan-
tage of using the novel HESS versus batteries alone is made
evident because the annualized cash flow, on the long run, be-
comes higher. Although this result is expected, the novelty of the
proposed approach lays in linking all the analysis to the HESS
controller parameters. Furthermore, with the new current con-
troller a limited number of SCs can be considered, thus keeping
the investments on the low.
We considered a fuel cost of $4/gal, nonetheless remote mili-
tary camps are subjected to very high fuel costs due to its trans-
portation, up to 100 times higher [20]. This occurrence makes
the investment in the HESS less relevant, so it is likely that an
increased β can be considered without affecting too much the
overall economics, but improving, even more, the lifetime of the
batteries.
Fig. 15. Laboratory setup for the experimental measurements.
Next, we verify to which extent our conclusions are valid
when the costs of the battery and SCs change.
B. Sensitivity Analysis on Cash Flow Due to Changes in
Investment Costs
The results of the cost sensitivity analysis on the cash flow are
reported in Table III. In the top part of the table, we decrease both
the cost of the SCs and the cost of the batteries while keeping
their ratio constant at 0.72 (from the original prices of above). In
the bottom part, we keep the battery cost constant and we only
allow the SC investment to decrease, gradually down to the same
lower cost than above ($1020). The data in Table III demonstrate
that as long as we consider shorter horizons than 1554 days
(4 years), case B (α = 0.001, β = 1) is the configuration
always realizing the highest cash flow. Beyond 4 years, the best
configuration is always that of case A (α = 0.005, β = 3).
V. EXPERIMENTAL VALIDATION
The proposed control system has been implemented in a labo-
ratory prototype where the entire EMS controller is programmed
into a field programmable gate array (FPGA) using the Xilinx
System Generator software [18]. The EMS hardware includes an
FPGA development board [19] and two custom printed circuit
boards with power converters, sensors, and interface devices, as
described in [9]–[11]. The experimental setup, including com-
ponent values, is shown in Fig. 15 where the ac power in the
laboratory was used in lieu of a generator. The passive compo-
nent values are shown in Fig. 15, the switching frequency of the
converter interfacing the SC is 15.6 kHz, whereas the switching
frequency of the battery converter is 20 kHz. The battery pack
is formed by six 12 V batteries in series, providing 72 V. The dc
bus voltage is regulated at 215 V.
The goal of the experiments presented here is to demonstrate
the functionality of the proposed controller for two different
values of the SC current gain γ and for two load changes. The
responses to stepping up an ac load are shown in Figs. 16 and 17
with γ = 0 and γ = 1, respectively. This is one case in which the
EMS current, in addition to changing amplitude, also reverses
direction. In fact, before the step the battery was being charged,
while after the step the battery is supplying current to the loads.
The dc bus regulation is accomplished in both cases and with γ
= 1 the battery pack picks up the load slower, which increases
its lifetime.
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TABLE III
SENSITIVITY ANALYSIS ON THE CASH FLOW DEPENDING ON INVESTMENT ASSUMPTIONS (DISCOUNT RATE 5%, SAVINGS ON FUEL RATED AT $4/GAL)
Fig. 16. Experimental waveforms: load step up and γ = 0. From the top: dc
bus voltage, SC current, battery current, and EMS current.
Fig. 17. Experimental waveforms: load step up and γ = 1. From the top: dc
bus voltage, SC current, battery current, and EMS current.
Fig. 18. Experimental waveforms: load step down and γ = 0. From the top:
dc bus voltage, SC current, battery current, and EMS current.
Fig. 19. Experimental waveforms: load step down and γ = 1. From the top:
dc bus voltage, SC current, battery current, and EMS current.
Authorized licensed use limited to: NPS Dudley Knox Library. Downloaded on June 08,2020 at 23:41:56 UTC from IEEE Xplore.  Restrictions apply. 
ORITI et al.: HYBRID ENERGY STORAGE CONTROL IN A REMOTE MILITARY MICROGRID 5107
The responses to stepping down an ac load are shown in Figs.
18 and 19 with γ = 0 and γ = 1, respectively. This set of exper-
iments confirms that, when γ = 1, the battery current changes
substantially, picking up the load much more slowly compared
to the case with γ = 0. The SCs respond quickly and take most
of the stress due to the step change.
These experiments validate the simulated results, on a much
smaller time scale than the plots reported in Section III.
VI. CONCLUSION
This paper presents a novel HESS controller for an isolated
military microgrid, which controls the SoC of the SCs and in-
creases the lifetime of the batteries. The control parameters of the
new controller are determined on the basis of the best economics
of the microgrid. Based on a typical load profile for a remote
military camp, results are analyzed by investigating under which
conditions (i.e., changes in control parameters) the optimal so-
lution to minimize fuel consumption remains the same. Three
scenarios are analyzed to set the boundaries of the best config-
uration. The configurations are chosen according to the most
suitable β (0, 1, or 3) and the best low-pass filter parameter α
value, thus more profoundly linking the controller strategy to the
economics of the system, while also discussing the sensitivity
of the results to possible cost variations. Simulations and ex-
perimental measurements demonstrate the functionality of the
proposed HESS control system.
In future works other aspects of the sensitivity analysis could
be investigated and more strictly linked both to the EMS func-
tionalities and to the types of batteries. No doubt that the use
of Li-ion is likely going to change these scenarios, due to their
longer lifetime, so additional analysis will be needed to better
frame the value added of the SCs.
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